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(54) Title: SOJCON CARBIDE FIELD CONROLLED BIPOLAR SWITCH 
(57) Abstract 



A field controlled bipolar switch having a bulk 
single crystal silicon carbide substrate of a first conduc- 
tivl^ type having an upper surface and a lower surface. 
A first epitaxial layer of a second conductivity type sil- 
ictm carbide is formed upoi the upper saibcc of tb& 
substrelB. A seoond ^iiaxial layer of the second con- 
ducdvlty type silicon carUde is fanned oo the fiist epi- 
taxial layer of silicon cart^ A phnaliQr of legioas 
of a third nmductlvlty type silicoi carbide are formed 
In die second ^itaxial layer tc form a gate grid in the 
second epitaxial layer. A dilrd epdaxial layo- ^ the sec- 
ond conductivity type sUkon cailiide is formed oa die 
second <|>Itaxial Iqrer and a fourth epitaxial layer of the 
second conductlvlO' type silicon caibide is formed upon 
the third qpitaxial layer. Hie foutti qiltaxlal layer has a 
higji^r carrier concentration than is present in (be first, 
second and third epitaxial layers. A first ohmlc contact 
is formed upon the fourth q)itaxial layer and a second 
(Amic contact is foraied on the lower surface of the sub- 
strate. An ohmic gale contact is connected to the gate 
grid for pinching off the flow of current between the first 
(dimic contact and the second ohmic contact when a bias 
is applied to the ohmic gate contact. 
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SILICON CARBIDE FIELD CONTROLLED 
BIPOLAR SWITCH 

Field of the Invention 

The present invention relates to field controlled 
devices, and more particularly to such devices formed 
in silicon carbide. 



10 Backnround of the Inueini^p 

As demands for higher speed, higher power circuits 
increase, the need for devices having faster switching 
speeds, higher current carrying capability and 
increased reverse bias breakdown voltages has also 

15 increased. Applications such as power modules for 

motor and generator control, electronic ballasts for 
lighting control, industrial robots, display drivers, 
automotive ignition and automation control would all 
benefit from higher power, higher speed switches. 

2 0 Unfortunately, existing implementations of higher speed 
power MOSFETs, IGBTs or MOS controlled thyristors have 
had limited success in creating devices with very high 
reverse bias breakdown voltage, a low leakage current, 
low forward on-state resistance and a high switching 

25 Speed. Field controlled thyristors have been 

investigated as high power devices but these devices 
were limited in their switching speeds. Further 
development is required to produce a high power, high 
current device with high switching speeds. 

30 The field controlled bipolar switch is a three 

terminal device where -a P~i-N rectifier structure has a 
gate structure introduced to control the current flow 
between the anode and cathode terminals. Because these 
devices can operate under a high level of injected 

35 minority carriers in the drift region, field controlled 
thyristors operate at very high current densities with 
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a low forward voltage drop. Unfortunately, because of 
the high level of injected minority carriers, field 
controlled thyristors were incapable of operating at 
high frequencies. In fact, the stored minority 
5 carriers in the drift region has limited the switching 
speed of previous devices to below l Mhz. m fact the 
typical forced gate turn off times for existing field 
controlled thyristors are between 1 to 20 ^secs 
depending upon the designed breakdown voltage of the 
0 device and gating techniques. Baliga, B. J., Modern 
Power Devices, 1987, pp. 196-260. 

Recently issued United States Patent No. 5 387 805 
to Metzler et al. describes a field controlled ' 
thyristor where the current path from the anode to the 
> cathode passes through a channel region adjacent a void 
xn the channel layer. The device pinches off the 
current through utilization of p-type regions which 
surround the void. This device, however, is limited to 
current densities below 400 A/cra= and has a voltage 
blocking gain of 150 and is limited to gate voltages of 
2 to 10 volts. Thus, the maximum theoretical anode 
voltage attainable by the device would be 1500 volts 
Metzler et al. also describes various other patents 
which relate to field controlled devices. However, as 
described by Metzler et al., none of these patents 
describe devices having the characteristics of the 
devices of the present invention. 

For example. United States Patent No. 4,937,644 to 
Baliga describes an asymmetrical field controlled 
thyristor. The Baliga patent describes a device which 
has a DC blocking gain of greater than SO and claims 
improved switching speed but provides no data on the 
switching speed of the device. This device is limited 
to forward blocking voltages of up to about 2000 volts 

Therefore, there remains a need to develop high 
performance field controlled devices which exhibit 
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higher breakdown voltages, low on state resistance 
higher current capabilities and higher switching 
speeds . 
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Objec t and Summary of t ^i ^ jiiyAnti^p 
In view of the foregoing, it is one object of the 
present invention to provide a field controlled device 
with higher current density capabilities than existing 
devices. It is another object of the present invention 
to provide a field controlled device with higher 
breakdown voltages than previous devices. it is yet 
another object of the present invention to provide a 
field controlled device with improved switching speeds 
over previous field controlled devices. 

In view of these objects, one embodiment of the 
field controlled bipolar switch of the present 
invention includes a bulk single crystal silicon 
carbide substrate of a first conductivity type having 
an upper surface and a lower surface. A first 
epitaxial layer of a second conductivity type silicon 
carbide is formed upon the upper surface of the 
substrate. A second epitaxial layer of the second 
conductivity t^^pe silicon carbide is formed on the 
first epitaxial layer of silicon carbide. A plurality 
of regions of a third conductivity type silicon carbide 
are formed in the second epitaxial layer to form a gate 
grid in the second epitaxial layer. A third epitaxial 
layer of the second conductivity type silicon carbide 
is formed on the second epitaxial layer and a fourth 
epitaxial layer of the second conductivity type silicon 
carbide is formed upon the third epitaxial layer. The 
fourth epitaxial layer has a higher doping 
concentration than is present in the first, second and 
third epitaxial layers. A first ohmic contact is 
formed upon the fourth epitaxial layer and a second 
ohmic contact is formed on the lower surface of the 
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substrate. An ohmic gate contact is connected to the 
gate grid for pinching off the flow of current between 
the first ohmic contact and the second ohmic contact 
when a bias is applied to the ohmic gate contact . 
5 In an alternative embodiment of the present 

invention, the second epitaxial layer has a lower 
carrier concentration than the first epitaxial layer 
in another alternative embodiment the third epitaxial 
layer and the first epitaxial layer have substantially 
10 the same carrier concentration, m yet another 

embodiment the third epitaxial layer and the second 
epitaxial layer have substantially the same carrier 
concentration. 

In another embodiment of the present invention 
15 the field controlled thyristor further comprises a ' 
fifth epitaxial layer of a fourth conductivity type 
formed on the upper surface of the substrate and 
disposed between the substrate and the first epitaxial 
ayer where the first epitaxial layer is formed on the 
20 fifth epitaxial layer. 

In a particular enO^odiment of the field controlled 
bipolar switch of the present invention, the first 
conductivity type and the third conductivity type are 
p-type conductivity and the second conductivity type is 
n-type conductivity, m such an embodiment, the first 
ohmic contact is a cathode contact and the second ohmic 
contact Is an anode contact. 

In another embodiment of the present invention, 
the first conductivity type and the third conductivity 
30 type are n-type conductivity. The second conductivity 
type IS then p-type conductivity, m such an 
embodiment the first ohmic contact is an anode contact 
and the second ohmic contact is a cathode contact. 
In an embodiment of the present invention 
35 incorporating a tunnel diode, the first and second 
conductivity types are n-type conductivity and the 
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third and fourth conductivity types are p-type 
conductivity. m such a device the first ohmic contact 
is a cathode contact and the second ohmic contact is an 
anode contact. 

In a further aspect of the present invention, the 
substrate and the first, second, third and fourth 
epitaxial layers form a mesa having sidewa^ls which 
define the periphery of the thyrietor. The sidewalls 
of the mesa may extend downward into the substrate. 

In an embodiment of the present invention having 
sinker anode contacts, regions of the first 
conductivity type silicon carbide are formed in the 
substrate at the base of the mesa, ohmic contacts 
electrically connected to the second ohmic contact are 
then formed on the regions of the first conductivity 
type silicon carbide. 

In an alternative mesa embodiment of the present 
invention, the first, second, third, fourth and fifth 
epitaxial layers form a mesa. The sidewalls of the 
20 mesa define the periphery of the thyristor. The 
sidewalls of the mesa extend downward through the 
first, second, third and fourth epitaxial layers and 
into the fifth epitaxial layer. Optionally, ohmic 
contacts electrically connected to the second ohmic 
25 contact may be formed on the fifth epitaxial layer at 
the base of the sidewalls of the mesa. 

An alternative embodiment of the present invention 
may also include an insulating layer formed on the 
sidewalls of the mesa to passivate the sidewalls. 
30 Additional embodiments may also be made of 4H polytype 
silicon carbide. 

In a further alternate embodiment of the bipolar 
switch of the present invention, a plurality of 
trenches are formed in the third and the fourth 
35 epitaxial layers. The plurality of regions of the 

third conductivity type silicon carbide formed in the 
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second epitaxial layer are at the bottom of the 
Plurality of trenches. The ohmic gate contact i. then 
formed on the third conductivity type silicon carbide 
formed in the trenches. The flow of current between 
said first ohmic contact and said second ohmic contact 
IS thereby pinched off when a bias is applied to the 
ohmic gate contact. 

In a further embodiment of the present invention 
the gate grid comprises a plurality of connected 
interdigited fingers. Optionally, the ohmic gate 
contact comprises a plurality of interdigited fingers 
formed on the interdigited fingers of the gate grid 
such that the fingers of the ohmic gate contact are 
substantially parallel to the fingers of the gate gr^d 
in such a case, the first ohmic contact may comprise a 
plurality of interdigited fingers for,r,ed on the fourth 
epitaxial layer and interspersed between the fingers of 
the ohmic gate contact. 

In an alternative embodiment of the present 
invention, a high voltage, high current field control 
bipolar switch includes a bulk single crystal silicon 
carbide substrate of a first conductivity type having 
an upper surface and a lower surface. A first 
epitaxial layer of a second conductivity type silicon 
carbide is formed upon the upper surface of the 
substrate. A plurality of regions of a third 
conductivity type silicon carbide are formed in the 
first epitaxial layer to form a gate grid in the first 
epitaxial layer. A second epitaxial layer of the 
second conductivity type silicon carbide is formed on 
said the epitaxial layer of silicon carbide. A third 
epitaxial layer of the second conductivity type silicon 
carbide upon the second epitaxial layer, the third 
epitaxial layer has a higher carrier concentration than 
IS present in the first epitaxial layer. A first ohmic 
contact is formed on the third epitaxial layer and a 
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second ohmic contact is formed on the lower surface of 
the substrate. An ohmic gate contact connected to the 
gate grid allows for pinching off the flow of current 
between the first ohmic contact and the second ohmic 
5 contact when a bias is applied to the ohmic gate 
contact . 

A further embodiment of the present invention 
provides a field controlled bipolar switch wherein the 
second epitaxial layer and the first epitaxial layer 

10 have approximately the same carrier concentration. 

A further embodiment of the present invention, a 
fourth epitaxial layer of a fourth conductivity type is 
provided. The fourth epitaxial layer is formed on the 
upper surface of the substrate and disposed between the 

15 substrate and the first epitaxial layer. The first 
epitaxial layer is, therefore, formed on the fourth 
epitaxial layer. 

In a particular embodiment of the present 
invention the first conductivity type and the third 
conductivity type are p-type conductivity and the 
second conductivity type is n-type conductivity, m 
such a case the first ohmic contact is a cathode 
contact and the second ohmic contact is an anode 
contact. In a further embodiment of the present 
invention the first conductivity type and the third ■ 
conductivity type are n-type conductivity and the 
second conductivity type is p-type conductivity. In 
such a case the first ohmic contact is an anode contact 
and the second ohmic contact is a cathode contact. In 
30 another alternative embodiment of the present invention 
the first and second conductivity types are n-type 
conductivity and the third and fourth conductivity 
types are p-type conductivity, m such a case the 
first ohmic contact is a cathode contact and the second 
35 ohmic contact is an anode contact. 
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In a further aspect of the present invention the 
substrate and the first, second, and third epitaxial 
layers form a mesa having sidewalls which define the 
periphery of the thyristor. The sidewalls of the mesa 
5 extend downward into the substrate, m a further 

aspect of the present invention having a mesa, regions 
of the first conductivity type silicon carbide are 
formed in the substrate at the base of the mesa . ohmic 
contacts electrically connected to the second ohmic 
10 contact are formed on the regions of the first 

conductivity type silicon carbide to provide sinker 
contacts for the device. 

In an embodiment of the present invention having 
the optional fourth epitaxial layer, the first, second 
15 third and fourth epitaxial layers form a mesa having ' 
sidewalls which define the periphery of the thyristor 

The sidewalls of the mesa extend downward through the 
first, second and third epitaxial layers and to or into 
the fourth epitaxial layer. In a further aspect of 
20 such a device, ohmic contacts electrically connected to 
the second ohmic contact are formed on the fourth 
epitaxial layer at the base of said sidewalls of the 
mesa to provide sinker contacts for the device. 
In devices having a mesa, an alternative 
25 embodiment includes an insulating layer formed on the 
sidewalls of the mesa to passivate the sidewalls. 

An alternative embodiment of the present invention 
further includes a plurality of trenches formed in the 
second and the third epitaxial layers. The plurality 
30 of regions of the third conductivity type silicon 

carbide are formed in the first epitaxial layer at the 
bottom of the plurality of trenches. The ohmic gate 
contact then comprises an ohmic gate contact formed on 
the third conductivity type silicon carbide formed in 
3 5 the trenches. 
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In an alternative embodiment, the gate grid 
comprises a plurality of connected interdigited 
fingers. In a further embodiment, the ohmic gate 
contact comprises a plurality of interdigited fingers 
formed on the interdigited fingers of the gate grid 
such that the fingers of the ohmic gate contact are 
substantially parallel tc the fingers of the gate grid 

In such a case, the first ohmic contact comprises a 
plurality of interdigited fingers formed on the third 
epitaxial layer and interspersed between the fingers of 
the ohmic gate contact. 

An additional alternative embodiment of the 
present invention provides a high voltage, high current 
field control bipolar switch which includes a bulk 
single crystal silicon carbide substrate of a first 
conductivity type having an upper surface and a lower 
surface. A first epitaxial layer of a second 
conductivity type silicon carbide is formed upon the 
upper surface of the substrate. A second epitaxial 
layer of the second conductivity type silicon carbide 
is formed upon the first epitaxial layer. The second 
epitaxial layer has a higher carrier concentration than 
is present in the first epitaxial layer. A plurality 
of trenches are formed through the second epitaxial 
layer and into the first epitaxial layer. A plurality 
of regions of a third conductivity type silicon carbide 
are formed in the first epitaxial layer at the bottom 
of the plurality of trenches to form a gate grid in the 
first epitaxial layer* A first ohmic contact is formed 
upon the second epitaxial layer and a second ohmic 
contact is formed on the lower surface of the 
substrate. An ohmic gate contact is formed on the 
third conductivity type silicon carbide regions in the 
trenches for pinching off the flow of current between 
the first ohmic contact and the second ohmic contact 
when a bias is applied to the ohmic gate contact. 
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A further embodiment of the present invention 
includes a third epitaxial layer of a fourth 
conductivity type silicon carbide formed on the upper 
surface of the substrate and disposed between the 
substrate and the first epitaxial layer. The first 
epitaxial layer is formed on the third epitaxial layer 

In alternative embodiments of the present 
invention, the first and third conductivity types are 
p-type conductivity and the second conductivity type is 
n-type conductivity. Then the first ohmic contact is a 
cathode contact and the second ohmic contact is an 
anode contact. Alternatively, the first and third 
conductivity types are n-type conductivity and the 
second conductivity type is p-type conductivity Then 
the fxrst ohmic contact is an anode contact and the 
second ohmic contact is a cathode contact, m a tunnel 
diode alternative embodiment, the first and second 
conductivity types are n-type conductivity and the 
third and fourth conductivity types are p-type 
conductivity. Then the first ohmic contact is a 
cathode contact and the second ohmic contact is an 
anode contact. 

In a mesa etrtoodiment of the present invention, the 
substrate and the first and second epitaxial layers 
form a mesa having sidewalls which define the periphery 
of said transistor. The sidewalls of the mesa extend 
downward into the substrate, m a further aspect of 
the mesa device, an insulating layer is formed on the 
sidewalls of the mesa to passivate the sidewalls. 

in a further aspect of the present invention, the 
gate grid comprises a plurality of connected 
interdigited fingers. In an additional interdigited 
structure of the present invention, the ohmic gate 
contact comprises a plurality of interdigited fingers 
formed on the interdigited fingers of the gate grid 
such that the fingers of the ohmic gate contact are 
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substanCially parallel to the fingers of the gate grid. 

The first ohmic contact then comprises a plurality of 
interdigited fingers formed on the second epitaxial 
layer and interspersed between the fingers of the ohmic 
gate contact . 

The foregoing and other objects, advantages and 
features of the invention, and the manner 'in which the 
same are accomplished, will become more readily 
apparent upon consideration of the following detailed 
description of the invention taken in conjunction with 
the accompanying drawings, which illustrate preferred 
and exemplary embodiments, and wherein: 



Descriptinn pf PrfVirinP" 
15 Figure lA is a cross -sectional view of one 

embodiment of the present invention having a buried 
gate grid; 

Figure IB is a cross-sectional view of an 
embodiment of the present invention having a buried 
20 gate grid and an optional silicon carbide epitaxial 
layer; 

Figure 2A is a cross-sectional view of a second 
embodiment of the present invention a gate grid formed 
in trenches; 

25 Figure 2B is a cross-sectional view of an 

embodiment of the present invention having a gate grid 
formed in trenches and an optional silicon carbide 
epitaxial layer; 

Figure 3 is a cross-sectional view of a third 
30 embodiment of the present invention having anode sinker 
contacts and a buried gate grid; 

Figure 4 is a cross-sectional view of a fourth 
embodiment of the present invention having anode sinker 
contacts and a gate grid formed in trenches; 
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Figure 5 is a cross-sectional view of a fifth 
embodiment of the present invention having a buried 
gate grid and a tunnel diode; 

Figure 6 is a cross-sectional view of a sixth 
embodiment of the present invention having a tunnel 
diode and a gate grid formed in trenches; 

Figure 7 is a cross-sectional view of ^ seventh 
embodiment of the present invention having a gate arid 
formed in trenches; 

Figure 8 is a cross-sectional view of an eighth 
errfcodiment of the present invention having a gate grid 
formed in trenches; 

Figure 9 is plan view of an embodiment of the 
present invention having a buried gate grid; and 

Figure 10 is a plan view of an alternative 
embodiment of the present invention having a gate 
formed in trenches. 



25 



Detaileri D^f ^r|p|i^^ 
The present invention now will be described more 
fully hereinafter with reference to the accompanying 
drawings, in which preferred embodiments of the 
invention are shown. This invention may, however, be 
embodied in many different forms and should not be 
construed as limited to the embodiments set forth 
herein; rather, these embodiments are provided so that 
this disclosure will be thorough and complete, and will 
fully convey the scope of the invention to those 
skilled in the art. Like numbers refer to like 
30 elements throughout. 

Figure lA illustrates a first embodiment of the 
high voltage, high current field controlled bipolar 
switch of the present invention. As seen in Figure lA 
a bulk single crystal silicon carbide substrate 10 of a 
35 first conductivity type having an upper surface and a 

lower surface has a first epitaxial layer 20 of silicon 
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carbide of a second conductivity type formed on the 
upper surface of the substrate 10. A second epitaxial 
layer 22 of silicon carbide of the second conductivity 
type XB formed on the first epitaxial layer 20. Formed 
within the second epitaxial layer 22 are a plurality of 
regions of a third conductivity type silicon carbide 
wh.ch form a gate grid 30 in the second epitaxial layer 
22. A third epitaxial layer 24 of the second 
conductivity type silicon carbide is formed on the 
second epitaxial layer 22. As is also shown in Figure 
lA, a fourth epitaxial layer 26 of the second 
conductivity type silicon carbide is formed on the 
third epitaxial layer 24. This fourth epitaxial layer 
26 has a higher carrier concentration than is present 
in either the first epitaxial layer 20, the second 
epiLtaxial layer 22 or the third epitaxial layer 24. 

A first ohmic contact 42 is formed upon the fourth 
epitaxial layer and may be either a cathode or an anode 
contact depending on the conductivity type of the 
substrate and epitaxial layers. A second ohmic contact 
40 IS formed on the lower surface of the substrate 10 
and also may be either a cathode or an anode. An ohmic 
gate contact is formed in a third dimension and is 
illustrated in Figure 9 as gate contact 46. This ohmic 
gate contact 46 is formed to contact the plurality of 
regions 30 formed in the second epitaxial layer 22 so 
as to pinch off the flow of current between the first 
ohmic contact 42 and the second ohmic contact 40 when a 
bias is applied to the ohmic gate contact 46. 

As seen in Figure lA, the epitaxial structure is 
optionally formed into a mesa 36 having sidewalls 37 
which define the periphery of the bipolar switch. The 
sidewalls 37 preferably extend through each of the 
epitaxial layers and into the substrate 10. 
Optionally, an insulating layer 38 is formed on the 
sidewalls of the mesa to passivate the sidewalls and 
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may extend onto the exposed areas of silicon carbide of 
the upper surface of the mesa such as to the first 
ohmic contact 42 and onto the base of the mesa at the 
substrate 10. 

Figure IB illustrates an alternative embodiment of 
the buried gate field controlled thyristor of the 
present invention. Figure IB illustrates an optional 
fifth epitaxial layer 12 of a fourth conductivity type 

The fifth epitaxial layer 12 is formed on the upper 
surface of the substrate 10 and disposed between the 
substrate 10 and the first epitaxial layer 20 The 
first epitaxial layer 20 is, therefore, formed on the 
fifth epitaxial layer 12. 

Figure IB also illustrates the epitaxial structure 
optionally formed into a mesa 36 having sidewalls 37 
which define the periphery of the bipolar switch. The 
sidewalls 37 preferably extend through each of the 
epitaxial layers and into the substrate 10. 
Alternatively, the sidewalls 37 of the mesa 36 can 
extend through the first, second, third and fourth 
epitaxial layers 20, 22, 24, and 26 and to or into the 
fifth epitaxial layer 12. The ' insulating layer 38 may 
then be formed on the sidewalls of the mesa to 
passivate the sidewalls and may extend onto the upper 
surface of the mesa to the first ohmic contact 42 and 
onto the base of the mesa at the fifth epitaxial layer 
12. 

The bipolar switch of Figure lA may be formed 
having a p-type conductivity substrate or utilizing an 
n-type conductivity substrate. In the instance where 
the substrate 10 is formed of p-type conductivity 
silicon carbide, the first conductivity type and the 
third conductivity type are then p-type silicon 
carbide. The second conductivity type silicon carbide 
would be n-type silicon carbide. In such an instance, 
the first epitaxial layer 20, the second epitaxial 
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layer 22, the third epitaxial layer 24 and the fourth 
epitaxial layer 26 would be n-type conductivity silicon 
carbide and the substrate 10 and the plurality of 
regions of the gate grid 30 forming the buried gate 
would- by p-type conductivity silicon carbide, m such 
a p-n field controlled bipolar switch, the second ohmir 
contact 40 would be the anode contact and the first 
ohmic contact 42 would be the cathode contact. 

In this embodiment, the gate grid 30 which forms 
the buried gate of the field controlled bipolar switch 
and the substrate 10 are preferably formed of p* type 
conductivity silicon carbide. As used herein, "n*" or 
"P*" refer to regions that are defined by higher carrier 
concentration than are present in adjacent or other 
regions of the same or another epitaxial layer or 
substrate. The first epitaxial layer 20 is preferably 
formed of n' silicon carbide and the fourth epitaxial 
layer 26 is preferably formed of n* silicon carbide. 
The second epitaxial layer 22 may be formed of lightly 
doped or n- silicon carbide which preferably has an even 
lower carrier concentration than the first epitaxial 
layer 20. Thus, the plurality of regions of the gate 
grid 30 v,rhich forms the buried gate are preferably 
formed in the epitaxial layer having the lowest carrier 
concentration. The third epitaxial layer 24 may have 
substantially the same carrier concentration as the 
first epitaxial layer 20 or may have substantially the 
same carrier concentration as the second epitaxial 
layer 22. 

For the device of Figure IB the optional fifth 
epitaxial layer 12 of a fourth conductivity type may be 
p-type conductivity silicon carbide such as highly 
doped p- silicon carbide. Alternatively, a tunnel diode 
structure may be achieved through utilization of the 
device of Figure IB by making the first conductivity 
type n-type conductivity silicon carbide such as n* 
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silicon carbide. In such a device, the substrate 10 
and the fifth epitaxial layer 12 form a tunnel diode 
Th.s embodiment of the present invention is illustrated- 
in Figure 5. 

5 The complementary devices to those described above 

may also be formed by use of an n-type substrate For 
tiie complementary device, the first conductivity type 
and the third conductivity type are n-type silicon 
carbide. The second conductivity type silicon carbide 
10 would be p-type silicon carbide. Thus, in the 

complementary device, the first epitaxial layer 20 the 
second epitaxial layer 22 , the third epitaxial layer 24 
and the fourth epitaxial layer 26 would be p-type 
conductivity silicon carbide and the substrate 10 and 
LS the plurality of regions of the gate grid 30 forming 
the buried gate would by n-type conductivity silicon 
carbide. In this complementary device, the second 
ohmic contact 40 would be the cathode contact and the 
first ohmic contact 42 would be the anode contact . 
10 In this complementary embodiment, the plurality of 

regions of the gate grid 30 which forms the buried gate 
of the field controlled bipolar switch and the 
substrate 10 are preferably formed of n' type 
conductivity silicon carbide. The first epitaxial 
layer 20 is preferably formed of p- silicon carbide and 
the fourth epitaxial layer 26 is preferably formed of p- 
silicon carbide. The second epitaxial layer 22 may be 
formed of lightly doped or p" silicon carbide but 
preferably has a lower carrier concentration than the 
3 0 first epitaxial layer 20. Thus, the plurality of 

regions of the gate grid 30 which forms the buried gate 
are preferably formed in the epitaxial layer having the 
lowest carrier concentration. The third epitaxial 
layer 24 may have substantially the same carrier 
35 concentration as the first epitaxial layer 20 or may 
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have substantially the same carrier concentration as 
the second epitaxial layer 22. 

For the complementary device of Figure IB the 
optional fifth epitaxial layer 12 of a fourth 
conductivity type may be n-type conductivity silicon 
carbide such as highly doped n* silicon carbide. 

Figure 2A illustrates another embodiment of the 
high voltage, high current field controlled bipolar 
switch of the present invention. As seen in Figure 2A, 
a bulk single crystal silicon carbide substrate 50 of a 
first conductivity type having an upper surface and a 
lower surface has a first epitaxial layer 60 of silicon 
carbide of a second conductivity type formed on the 
upper surface of the substrate 50. The second 
epitaxial layer 62 of silicon carbide of the second 
conductivity type is formed on the first epitaxial 
layer 60. A third epitaxial layer 64 of the second 
conductivity type silicon carbide is formed on the 
second epitaxial layer 62. As is also shown in Figure 
2A, a fourth epitaxial layer 66 of the second 
conductivity type silicon carbide is formed on the 
third epitaxial layer 64. This fourth epitaxial layer 
66 has a higher carrier concentration than is present 
in the first epitaxial layer 60, the second epitaxial 
layer 62 or the third epitaxial layer 64. A plurality 
of trenches 74 are formed in the third and fourth 
epitaxial layers 64 and 66. A plurality of regions of 
a third conductivity type silicon carbide which form a 
gate grid 70 in the second epitaxial layer 62 are 
formed at the bottom of the plurality of trenches 74. 

Aa seen in Figure 2A, the first ohmic contact 82 
is formed upon the fourth epitaxial layer and may be 
either a cathode or an anode contact. A second ohmic 
contact 80 is formed on the lower surface of the 
35 substrate 50 and also may be either a cathode or an 
anode. An ohmic gate contact is formed as a gate 
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contact 84. 



35 



The ohmic gate contact 84 is formed on the 
Plurality of regions of the gate grid 70 formed in the 
bottom Of the trenches 74. This ohmic gate contact 84 
xs formed to contact the plurality of regions of the 
gate grid 70 formed in the second epitaxial layer 62 so 
as to pinch off the flow of current between the fir.t 
Ohmic contact 82 and the second ohmic contact 80 whin a 
bias IS applied to the ohmic gate contact 84 

Also shown in Figure 2A the epitaxial structure is 
optionally formed into a mesa 76 having sidewalls 77 
which define the periphery of the bipolar switch The 
sidewalls 77 preferably extend through each of the 
epitaxial layers and into the substrate SO 
optionally, an insulating layer 78 is formed on the 
sidewalls Of the mesa to passivate the sidewalls and 
may extend onto the exposed areas of silicon carbide of 
the upper surface of the mesa such as to the first 
ohmic contact 82 and onto the exposed areas of silicon 
carbide at the base of the mesa at the substrate 50 

Figure 2B illustrates an alternative embodiment of 
the buried gate field controlled bipolar switch of the 
present invention. Figure 2B illustrates an optional 
fifth epitaxial layer 52 of a fourth conductivity type 

The fifth epitaxial layer 52 is formed on the uppef 
surface of the substrate 50 and disposed between the 
substrate 50 and the first epitaxial layer 60 . The 
first epitaxial layer SO is, therefore, formed on the 
fifth epitaxial layer 52. 

Figure 2B also illustrates the epitaxial structure 
optionally formed into a mesa 76 having sidewalls 77 
which define the periphery of the bipolar switch. The 
sidewalls 77 preferably extend through each of the 
epitaxial layers and into the substrate 50 
Alternatively, the sidewalls 77 of the mesa 76 can 
extend through the first, second, third and fourth 
epitaxial layers 60, 62, 64, and 66 and to or into the 
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fifth epitaxial layer 52. The insulating layer 78 may 
then be formed on the sidewalls of the mesa to 
passivate the sidewalls and may extend onto the upper 
surface of the mesa and onto the base of the mesa. 

The bipolar switch of Figure 2A may be formed 
having a p-type conductivity substrate or utilizing an 
n-type conductivity substrate. In the instance where 
the substrate 50 is formed of p-type conductivity 
silicon carbide, the first conductivity type and the 
third conductivity type are then p-type silicon 
carbide. The second conductivity type silicon carbide 
would be n-type silicon carbide. In such an instance, 
the first epitaxial layer 60, the second epitaxial 
layer 62, the third epitaxial layer 64 and the fourth 
epitaxial layer 66 would be n-type conductivity silicon 
carbide and the substrate 50 and the plurality of 
regions 70 forming the buried gate would by p-type 
conductivity silicon carbide. In such a p-n field 
controlled bipolar switch, the second ohmic contact 80 
would be the anode contact and the first ohmic contact 
82 would be the cathode contact. 

In such a p-type substrate embodiment, the 
plurality of regions of the gate grid 70 which form the 
buried gate of the field controlled bipolar switch and 
the substrate 50 are preferably formed of p* silicon 
carbide. The first epitaxial layer 60 is preferably 
formed of n" silicon carbide and the fourth epitaxial 
layer 66 is preferably formed of n* silicon carbide. 
The second epitaxial layer 62 may be formed of lightly 
doped or n silicon carbide but preferably has an even 
lower carrier concentration than the first epitaxial 
layer 60. Thus, the plurality of regions 70 which form 
the buried gate are preferably formed in the epitaxial 
layer having the lowest carrier concentration. The 
35 third epitaxial layer 64 may have substantially the 

same carrier concentration as the first epitaxial layer 
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60 or may have substantially the same carrier 

concentration as the second epitaxial layer 62, 

For the device of Figure 2B the optional fifth 

epitaxial layer 52 of a fourth conductivity type may be 

5 p-type conductivity silicon carbide such as highly 

doped p- silicon carbide. Alternatively, a tunnel diode 

structure may be achieved through utilization of the 

device of Figure 2B by making the first conductivity 

■ type n-type conductivity silicon carbide such as n' 

10 silicon carbide. Thus, the substrate 50 and the fifth 

epitaxial layer 52 form a tunnel diode This 

embodiment of the present invention is illustrated in 
Figure 6. 

complementary devices may also be formed on an n- 
15 type substrate. For the complementary devices, the 

first conductivity type and the third conductivity type 
are n-type silicon carbide. The second conductivity 
type silicon carbide would be p-type silicon carbide 
Thus, rn the complementary device, the first epitaxial 
2 0 layer 60, the second epitaxial layer 62, the third 
epitaxial layer 64 and the fourth epitaxial layer 66 
would be p-type conductivity silicon carbide and the 
substrate 50 and the plurality of regions 70 forming 
the buried gate would by n-type conductivity silicon 
•■5 carbide. In this complementary device, the second 

ohmic contact 80 would be the cathode contact and the 
first ohmic contact 82 would be the anode contact. 

In the complementary embodiment of the device of 
Figure 2A, the plurality of regions 70 which form the 
buried gate of the field controlled bipolar switch and 
the substrate 50 are preferably formed of n* type 
conductivity silicon carbide. The first epitaxial 
layer 60 is preferably formed of p" silicon carbide and 
the fourth epitaxial layer 66 is preferably formed of p- 
silicon carbide. The second epitaxial layer 62 may be 
formed of lightly doped or p- silicon carbide but 
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preferably has a lower carrier concentration than the 
first epitaxial layer 60. Thus, the plurality of 
regions 70 which form the buried gate are preferably 
formed in the epitaxial layer having the lowest carrier 
concentration. The third epitaxial layer 64 may have 
substantially the same carrier concentration as the 
first epitaxial layer 60 or may have substantially the 
same carrier concentration as the second epitaxial 
layer 62. 

For the complementary device of Figure 2B the 
optional fifth epitaxial layer 52 of a fourth 
conductivity type may be n-type conductivity silicon 
carbide such as highly doped silicon carbide. 

Figure 3 illustrates an additional embodiment of 
the present invention having a sinker contact. As seen 
in Figure 3, the device of Figure lA has regions 11 of 
the first conductivity type silicon carbide formed in 
the substrate 10 at the base of the mesa 36. Formed on 
the regions 11 of the first conductivity type silicon 
carbide are ohmic contacts 48 which are electrically 
connected to the second ohmic contact 40. The device 
of Figure 3 may be produced in each of the various 
combinations of conductivity types described for the 
device of Figure lA. The regions 11 are formed of the 
same conductivity type as the substrate 10 and have a 
high carrier concentration. Thus, for example with a 
p-type substrate, regions 11 would be p* silicon carbide 
and with an n-type conductivity substrate the regions 

11 would be n* silicon carbide. 
A sinker contact may also be formed with a device 

having the optional fifth epitaxial layer 12 of Figure 
IB. In such a case, the mesa is formed as described 
above and extends to or into the fifth epitaxial layer 

12 but does not extend into the substrate 10. ohmic 
35 contacts would then be formed on the fifth epitaxial 
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layer 12 at the base of the sidewalls 37 of the mesa 
36 . 

Figure 4 illustrates an additional embodiment of 
the present invention having a sinker contact. As seen 
5 m Figure 4, the device of Figure 2A has regions 51 of 
the first conductivity type silicon carbide formed in 
the substrate 50 at the base of the mesa 7&. Formed on 
the regions 51 of the first conductivity type silicon 
carbide are ohmic contacts 88 which are electrically 
10 connected to the second ohmic contact 80. The device 
of Figure 4 may be produced in each of the various 
combinations of conductivity types described for the 
device of Figure 2A. The regions 51 are formed of the 
same conductivity type as the substrate 50 and have a 
high carrier concentration. Thus, for example with a 
p-type substrate, regions 51 would be p' silicon carbide 
and with an n-type conductivity substrate the regions 

51 would be n* silicon carbide. 
A sinker contact may also be formed with a device 

having the optional fifth epitaxial layer 52 of Figure 
2B. In such a case, the mesa is formed as described 
above and extends to or into the fifth epitaxial layer 

52 but does not extend into the substrate 50. ohmic 
contacts would then be formed on the fifth epitaxial 
layer 52 at the base of the sidewalls 77 of the mesa 
76. 

Figure 7 illustrates another embodiment of the 
present invention. As seen in Figure 7, as with the 
device of Figure 2A a bulk single crystal silicon 
carbide substrate 150 of a first conductivity type 
having an upper surface and a lower surface has a first 
epitaxial layer 164 of silicon carbide of a second 
conductivity type formed on the upper surface of the 
substrate 150. As is also shown in Figure 7, a second 
epitaxial layer 166 of the second conductivity type 
silicon carbide is formed on the first epitaxial layer 
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164. This second epitaxial layer 166 has a higher 
carrier concentration than is present in the first 
epitaxial layer 164, A plurality of trenches 174 are 
formed in the first and second epitaxial layers 164 and 
166. A plurality of regions of a third conductivity 
type silicon carbide which form a gate grid 170 in the 
first epitaxial layer 164 are formed at the bottom of 
the plurality of trenches 174. 

As seen in Figure 7, a first ohmic contact 182 is 
formed upon the second epitaxial layer 166 and may be 
either a cathode or an anode contact. A second ohmic 
contact 180 is formed on the lower surface of the 
substrate 150 and also may be either a cathode or an 
anode. An ohmic contact is formed as a gate contact 
15 184. The ohmic gate contact 184 is formed on the 

plurality of regions of the gate grid 170 formed in the 
bottom of the trenches 174. This ohmic gate contact 
184 is formed to contact the plurality of regions of 
the gate grid 170 formed in the first epitaxial layer 
164 so as to pinch off the flow of current between the 
first ohmic contact 182 and the second ohmic contact 
180 when a bias is applied to the ohmic gate contact 
184 

Also shown in Figure 7 the epitaxial structure is 
optionally formed into a mesa 176 having sidewalls 177 
which define the periphery of the bipolar switch. The 
sidewalls 177 preferably extend through each of the 
epitaxial layers and into the substrate 150. 
Optionally, an insulating layer 178 is formed on the 
30 sidewalls of the mesa to passivate the sidewalls and 

may extend onto the exposed areas of silicon carbide on 
the upper surface of the mesa such as to the first 
ohmic contact 182 and onto the exposed areas of silicon 
carbide at the base of the mesa at the substrate 150. 
35 Figure 8 illustrates an alternative embodiment of 

the field controlled bipolar switch of the present 
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invention. Figure 8 illustrates an optional third 
epitaxial layer 152 of a fourth conductivity type The 
third epitaxial layer 152 is formed on the upper 
surface of the substrate 150 and disposed between the 
substrate 150 and the first epitaxial layer 164 The 
first epitaxial layer 164 is, therefore, formed on the 
third epitaxial layer 152. 

Figure 8 also illustrates the epitaxial structure 
optionally formed into a mesa 176 having sidewalls 17^ 
which defines the periphery of the thyristor The 
sidewalls 177 preferably extend through each of the 
epitaxial layers and into the substrate 150. 
Alternatively, the sidewalls 177 of the mesa 176 can 
extend through the first and second epitaxial layers 
164, and 166 and to or into the third epitaxial layer 
152. The insulating layer 178 may then be formed on 
the sidewalls of the mesa to passivate the sidewalls 
and may extend onto the exposed areas of silicon 
carbide on the upper surface of the mesa such as to the 
first ohmic contact 182 and onto the exposed areas of 
silicon carbide at the base of the mesa at the third 
epitaxial layer 152. 

The bipolar switch of Figure 7 may be formed 
having a p-type conductivity substrate or utilizing an 
n-type conductivity substrate, m the instance where 
the substrate 150 is formed of p-type conductivity 
silicon carbide, the first conductivity type and the 
third conductivity type are then p-type silicon 
carbide. The second conductivity type silicon carbide 
3 0 would be n-type silicon carbide. In such an instance, 
the first epitaxial layer 164 and the second epitaxial 
layer 166 are n-type conductivity silicon carbide and 
the substrate 150 and the plurality of regions 170 
forming the buried gate are p-type conductivity silicon 
3 5 carbide. In such a p-n field controlled thyristor, the 
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second ohmic contact 180 is the anode contact and the 
first ohmic contact 182 is the cathode contact. 

in this embodiment, the plurality of regions of 
the gate grid 170 which form the buried gate of the 
field controlled bipolar switch and the substrate 150 
are preferably formed of type conductivity silicon 
carbide. The first epitaxial layer 164 is preferably 
formed of n silicon carbide and the second epitaxial " 
layer 166 is preferably formed of n* silicon carbide. 

For the device of Figure 8, the optional third ' 
epitaxial layer 152 of a fourth conductivity type may 
be p-type conductivity silicon carbide such as highly 
doped p* silicon carbide. Alternatively, a tunnel diode 
structure may be achieved through utilization of the 
device of Figure 8 by making the first conductivity 
type n-type conductivity silicon carbide such as n' 
silicon carbide. In such a device, the substrate 150 
and the third epitaxial layer 152 form a tunnel diode. 

The complementary device may also be formed on an 
n-type substrate. For the complementary device, the 
first conductivity type and the third conductivity type 
are n-type silicon carbide. The second conductivity 
type silicon carbide would then be p-type silicon 
carbide. Thus, in the complementary device, the first 
epitaxial layer 164 and the second epitaxial layer 166 
are p-type conductivity silicon carbide and the 
substrate 150 and the plurality of regions 170 forming 
the buried gate are n-type conductivity silicon 
carbide. In this complementary device, the second 
30 ohmic contact 180 is the cathode contact and the first 
ohm.ic contact 182 is the anode contact. 

In the complementary embodiment of the device of 
Figure 8, the plurality of regions 170 which form the 
buried gate of the field controlled bipolar switch and 
35 the substrate 150 are preferably formed of n* type 
conductivity silicon carbide. The first epitaxial 
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layer 164 is preferably formed of p" silicon carbide and 
the second epitaxial layer 166 is preferably formed of 
P Silicon carbide. For the complementary device of 
Figure 8 the optional third epitaxial layer 152 of a 
fourth conductivity type may be n-type conductivity 
silicon carbide such as n' silicon carbide. 

A plan view of the devices according to Figures 
lA. IB, 3 and 5 is shown in Figure 9. As seen in 
Figure S, the bipolar switch of the present invention 
IS formed as a mesa 36 having sidewalls 37. The buried 
gate grid 30, which Is illuscrated as the hidden lines 
of Figure 9, extends perpendicular to the gate contact 

46 which interconnects the gate grid 30 to create a 
plurality of connected parallel fingers. The plurality 
of fingers of the gate contact 46 are formed in 
trenches which extend downward to the upper surface of 
the buried gate grid 30 to allow contact to the buried 
gate grid 30. Also shown in Figure 9 is a contact pad 

47 which may be formed on the gate contact 46 to 
facilitate interconnection of the device according to 
the present invention. Figure 9 also illustrates the 
first ohmic contact 42 which may also form a plurality 
of fingers. The fingers of the first ohmic contact 42 
may be interdigited with the fingers of the gate 
contact 46. A contact pad 43 may also be formed on the 

, first ohmic contact 42 to facilitate interconnection of 
the device of Figure 9. For the device of Figure 3, 
the contact 46 (not shown in Figure 9) formed at the 
base of the mesa 36 would be formed ringing the mesa 36 
30 shown in Figure 9. 

A plan view of the devices according to Figures 
2A, 2B, 4, 6, 7 and 8 is shown in Figure 10. In Figure 
10, the element labeled as 76 corresponds to previously 
numbered elements 76 and 176, the element labeled as 77 
corresponds to previously numbered elements 77 and 177 
the element labeled as 82 corresponds to previously 



20 



25 



35 



wo 98/49731 



PCT/US98/0S487 



10 



-27- 

numbered elements 82 and 182, and the element labeled 
as 84 corresponds to previously numbered elements 84 
and 184. As seen in Figure 10, the bipolar switch of 
the present invention is formed as a mesa 76, 176 
having sidewalls 77, 177. The gate grid 70, 170 
extends parallel to the gate contact 84, 184 which 
interconnects the gate grid 70, 170 to create a 
plurality of connected parallel fingers. The plurality 
of fingers of the gate contact 84, 184 are formed in 
the trenches 74, 174 and allow contact to the gate grid 
70, 170. Also shown in Figure 10 is a contact pad 85 
which may be formed on the gate contact 84, 184 to 
facilitate interconnection of the device according to 
the present invention. 
15 Figure 10 also illustrates the first ohmic contact 

82, 182 which may form a plurality of fingers. The 
fingers of the first ohmic contact 82, 182 may be 
interdigited with the fingers of the gate contact 84, 
184. In such a case, the ohmic gate contact 84, 184 
20 comprises a plurality of interdigited fingers formed on 
the interdigited fingers of the gate grid 70, 170 such 
that the fingers of the ohmic gate contact 84, 184 are 
substantially parallel to the fingers of the gate grid. 
The first ohmic contact 82, 182 would then comprise a 
25 plurality of interdigited fingers formed on the upper 
most epitaxial layer and be interspersed between the 
fingers of the ohmic gate contact 84, 184. A contact 
pad 83 may also be formed on the first ohmic contact 
82, 182 to facilitate interconnection of the device of 
Figure 10. For the device of Figure 4, the contact 86 
(not shown in Figure 10) formed at the base of the mesa 
76 would be formed ringing the mesa 76 shown in Figure 
10. 

In each of the embodiments described above, the 
35 substrate and epitaxial layer may be formed of silicon 
carbide selected from the group of 6H, 4H, 15R or 3C 
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silicon carbide, however, 4H silicon carbide is 
preferred for each of the devices described above The 
preferred metals for contact to n-type epitaxial layers 
or substrates is nickel (Ni) . Platinum or nickel are 
suitable for forming ohmic contacts to p-type epitaxial 
layers or substrates. Aluminum tie contacts may also 
be used to form the ohmic contacts of the present 
invention. While these particular metals have been 
described, any other metals known to those of skill in 
the art which form ohmic contacts with silicon carbide 
may be used. 

The fabrication of the devices described above 
with respect to Figures lA through 10 will now be 
described. In fabricating the device of Figure lA 
having a p* substrate 10, a thick n' layer 2 0 is grown 
on the p- substrate 10 utilizing an epitaxial growth 
process such as that described in United States Patent 
No. 4,912,064, the disclosure of which is incorporated 
herein by reference as if set forth fully. The anode 
contact 40 is formed on the bottom of the substrate 10 
by forming an ohmic contact with the p* substrate A 
second n- epitaxial layer 22 is also epitaxially grown 
on the first n" epitaxial layer 20. This second 
epitaxial layer 22 may have a lower carrier . 
concentration than the first epitaxial layer 20 or it 
may have the same carrier concentration as the first 
epitaxial layer 20 in which case it may be formed as a 
part of the first epitaxial layer 20. In either case, 
a deep p* implanted gate grid is then formed in the 
second epitaxial layer 22 by methods such as those 
described in United States Patent No. 5,087,576, the 
disclosure of which is incorporated herein as if set 
forth fully. After creating the gate grid 30 in the 
second epitaxial layer 22, a third n" epitaxial layer 24 
IS epitaxially grown on the second epitaxial layer 22. 
This third epitaxial layer 24 may have approximately 
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Che same carrier concentration as either the first 
epitaxial layer 20 or the second epitaxial layer 22 and 
may be created using the same epitaxial growth process 
described above. After growing the third epitaxial 
layer 24, a fourth epitaxial layer 26 is grown on the 
third epitaxial layer 24 utilizing the above epitaxial 
growth method. This fourth epitaxial layer 26 is a 
highly doped epitaxial layer which facilitates a good 
top cathode ohmic contact. 

After growing all of the epitaxial layers, gate 
contacts are formed by reactive ion etching through the 
third and fourth epitaxial layers 24 and 26 and to the 
p* gate grid 30. For the buried gate grid device of 
Figure lA, the gate grid 30 is contacted by etching a 
plurality of trenches which are perpendicular to the 
direction of the gate grid and then forming ohmic 
contacts in the bottom of these trenches. These 
trenches may be formed utilizing the reactive ion 
etching techniques described in United States Patent 
NO. 4,981,551, the disclosure of which is incorporated 
herein by reference as if set forth fully. After the 
device is etched to expose portions of the gate grid, 
ohmic contacts may be formed for the cathode and the 
gate grid where the gate grid contacts are formed in 
25 the bottom of the trenches created by the etching 

process and the cathode contact 42 is formed on the 
fourth epitaxial layer 26. 

The area around the device is etched to form a 
mesa. The mesa preferably extends past the depletion 
region of the device to confine current flow in the 
device to the mesa and reduce the capacitance of the 
device. If the depletion region of the device extends 
below the level of the mesa then it spreads to areas 
outside the mesa, resulting in larger capacitance. The 
mesa is preferably formed by reactive ion etching 
around the above -described device, however other 
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methods of forming known to one skilled in the art .ay 
be used to for™ the mesa. After formation of the mesl 
an insulating layer 78 of, for example, silicon 
dioxxde, may be formed over the exposed surfaces of the 
device, including the sidewalls of the mesa to 
passivate the device. While SiO, is preferred as the 
insulating =naterial, other insulating materials known 
to those of Skill in the art may be utilized 

The device of Figure IB may be created by carrying 
out the above steps but including forming an epitaxial 
layer 12 of p* silicon carbide on the substrate 10 prior 
to formation of the first epitaxial layer 20 The 
device of Figure 3 may be formed by creating the device 
of Figure lA and, prior to creation of the insulating 
layer, forming regions of p- silicon carbide 11 at the 
base of the mesa. An ohmic contact 48 can then be 
formed on these regions to create a sinker anode 
Furthermore, the device of Figure IB may be modified to 
include a sinker anode by only etching the mesa to the 
P layer 12 and then forming an ohmic contact at the 
base of the mesa. The complementary devices of those 
described above with reference to Figures lA, IB and 3 
may be created by utilizing the above described method 
but by substituting n* silicon carbide for p* silicon 
carbide, p" silicon carbide for n" silicon carbide and 
p* silicon carbide for n* silicon carbide. 

in fabricating the device of Figure 2A having a p' 
substrate 50, a thick n" layer 60 is grown on the p' 
substrate 50 utilizing an epitaxial growth process such 
3 0 as that described in United States Patent No. 

4,912,064, the disclosure of which is incorporated 
herein by reference as if set forth fully. The anode 
contact 80 is formed on the bottom of the substrate 50 
by forming an ohmic contact with the p* substrate. A 
second n- epitaxial layer 62 is also formed on the first 
n- epitaxial layer SO. This second epitaxial layer 62 
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may have a lower carrier concentration than the first 
epitaxial layer 60 or it may have the same carrier 
concentration as the first epitaxial layer 60 in which 
case it may be formed as a part of the first epitaxial 
layer 60. A third n epitaxial layer 64 is also grown 
on the second epitaxial layer 62. This third epitaxial 
layer 64 may have approximately the same carrier 
concentration as either the first epitaxial layer 60 or 
the second epitaxial layer 52 and may be created using 
the same epitaxial growth process described above. 
After growing the third epitaxial layer 64, a fourth 
epitaxial layer 66 is grown on the third epitaxial 
layer 64 utilizing the above epitaxial growth method 
This fourth epitaxial layer 66 is a highly doped n^ 
epitaxial layer which facilitates a good top cathode 
ohmic contact. 

After growing all of the epitaxial layers, 
trenches are etched through the third epitaxial layer 
66 and the fourth epitaxial layer 64. These trenches 
may be formed utilizing the reactive ion etching 
techniques described above with respect to United 
States Patent No, 4,981,551. After forming the 
trenches, p* gate regions are formed at the base of the 
trenches in the second epitaxial layer 62 utilizing the 
ion implantation methods of United States Patent No, 
5,087,576. As will be appreciated by one of skill in 
the art, the ion implantation may optionally occur 
prior to growth of the third epitaxial layer 60. in 
such a case, the trenches must be registered to the 
implanted regions so that the trenches coincided with 
the regions such that the bottom of the trench 
corresponds to an implanted region. After the device 
is etched and the gate grid 70 created, ohmic contacts 
may be formed for the cathode and the gate contact 
wh^re the gate contact is formed in the bottom of ion 
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implanted trenches and the cathode contact 82 is formed 
on the fourth epitaxial layer 66. 

The entire device is etched to form a mesa The 
mesa preferably extends past the depletion region of 
the device to confine current flow in the device to the 
mesa and reduce the capacitance of the device if the 
depletion region of the device extends below the level 
of the mesa then it spreads to areas outside the mesa 
resulting in larger capacitance. The mesa is 
preferably formed by reactive ion etching the above- 
described device, however other methods of forming 
known to one skilled in the art may be used to form the 
mesa. After formation of the mesa, an insulating layer 
78 of, for example, silicon dioxide, may be formed over 
the exposed surfaces of the device, including the 
sidewalls of the mesa, to passivate the device, while 
SiO, is the preferred insulating material, other 
insulating materials known to those of skill in the art 
may be utilized. 

The device of Figure 2B may be created by carrying 
out the above steps but including forming an epitaxial 
layer 52 of silicon carbide on the substrate 50 prior 
to formation of the first epitaxial layer 60. The 
device of Figure 4 may be formed by creating the device 
of Figure 2A and prior to creation of the insulating 
layer forming regions of p* silicon carbide 51 at the 
base of the mesa. An ohmic contact 88 can then be 
formed on these regions to create a sinker anode. 
Furthermore, the device of Figure 2B may be modified to 
include a sinker anode by only etching the mesa to the 
p* layer 52 and then forming an ohmic contact at the 
base of the mesa. The complementary devices of those 
described above with reference to Figures 2A, 2B and 4 
may be created by utilizing the above described method 
but by substituting n* silicon carbide for p* silicon 
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carbide, p" silicon carbide for n" silicon carbide and 
p* silicon carbide for n* silicon carbide. 

The tunnel diode devices of Figures S and 6 may be 
fabricated utilizing the techniques described above 
with respect to Figures IB and 2B respectively, 
however, for the tunnel diode devices the substrate 10 
and 50 are silicon carbide. The remainder of the 
fabrication process is the same as that described above 
for the respective devices. 

In the event that the first, second and third 
epitaxial layers have the same carrier concentration 
then these layers may be formed as a single epitaxial 
layer and the devices of Figures 7 and 8 may be 
created. The devices of Figures 7 and 8 are created 
utilizing the same techniques as those utilized in 
creating the devices of Figures 2A, 2B, 4, and 6. 
however, rather than growing three epitaxial layers a 
single n" epitaxial layer 1^4 is grown using the' methods 
previously described. Trenches 174 are then etched to 
a predetermined depth into the first epitaxial layer 
164 and p* regions formed by ion implantation at the 
bottom of the trenches as described above. The 
formation of ohmic contacts, mesas and insulating 
layers are carried out as described herein with respect 
to Figures 2A. 2B, 4, and 6. Furthermore, as will be 
appreciated by one of skill in this art, to the extent 
that any two adjacent epitaxial layers in the devices 
of Figures lA through 6 are of the same conductivity 
type and have the same carrier concentration, these 
30 layers may be formed as a single epitaxial layer unless 
such a formation prevents implantation of the gate 
grid. 

In operation, the devices of the present invention 
are normally on and allow current to flow from the 
35 anode to the cathode of the device. When a bias is 

applied to the gate grid to create a reverse biased pn 
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junction which pinches off the current conduction path 
between the elements of the gate grid. During turn off 
a gate current extracts the electron hole plasma in the 
conducting channel between the gate grid elements which 
enables the device to support anode/cathode voltage 
Furthermore, the devices of the present invention 
should offer very high on-state current densities 
through minority carrier injection into the low doped 
drift layer. These devices should allow for switching 
of current densities greater than 500 A/cm' during the 
on state of the device. These devices should also 
exhibit low on-state resistance. 

With respect to the n" drift region device, to 
operate the device in the forward blocking mode a 
sufficiently large negative voltage is applied to the 
gate to form a potential barrier in the n" region 
between the gate grid elements which prevents the flow 
Of current. Higher negative voltages on the gate allow 
for higher voltages on the anode to be blocked until 
the maximum blocking voltage capability of the device 
IS reached. This capability . is determined by either 
the gate breakdown voltage of the properties of the 
first epitaxial layer (20, 60). When the gate voltage 
IS switched from positive to negative with respect to 
the cathode, the carriers in the channel region must be 
extracted via the gate before the device can begin to 
support voltage. During this charge extraction, a 
constant gate current flow for an interval called the ■ 
storage time. Once the stored charge in the channel 
has been removed, a potential barrier is formed 
allowing the device to support voltage. Thereafter, 
stored charge in the drift region decays by carrier 
recombination. This leads to a decrease in anode 
current in a time interval called the fall time. The 
storage time and the fall time both impact on the 
switching characteristics of the field controlled 
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device and limit: the speed at which such devices can 
switch. 

As stated earlier, the formation of the p' gate 
grid or the n* gate grid is achieved via ion 
5 implantation into the low doped blocking layer. For 
the buried gate embodiments of Figures lA, IB, 3 and 5 
another low doped epitaxial layer must be grown on top' 
of the implanted region that is thick enough to support 
the reverse bias depletion region that is formed when 
10 the gate junction is biased. The thickness of the 

subsequent low doped layer is dictated by the intended 
maximum gate voltage. It must be thick enough to 
support a gate-top-side electrode (either anode or 
cathode depending on the device polarity} voltage 
greater than the device s rated maximum voltage divided 
by the voltage blocking gain described below. 

The crystalline quality of the first epitaxial 
layer after the ion implantation must be good enough to 
support the reverse bias that will be placed on the 
gate to pinch off the device. For a field controlled 
device this bias can reach as much as 50 V but will 
more typically be in the range from 10 V to 20 v. The 
gate voltage which corresponds to pinch off of the 
regions between the gate grid may be approximated by 
25 the following equation: 

where q is the electron charge, is the doping level 
of the second epitaxial region, S is the gap between 
the elements of the gate grid, , is the permitivity of 
SiC and V^^ is the built in potential of the gate 
30 junction, v^.^ is given by the equation: 



20 



wo 98/49731 



PCT/US98/05487 



-36- 



10 



1 ni 

where k is Boltzmann b Constant, T is the temperature 
m Kelvin, N„ is the n-region concentration, N is p 
region concentration and n, is intrinsic concentration 
of Sic. Thus, V, may be controlled by selection of the 
spacing of the gate grid elements and the doping 
concentration of the drift region. 

The forward blocking voltage gain of the device 
may be approximated by the following equation: 



where L is the thickness of the implanted regions of 
the gate grid, W, is the depletion width of the gate 
15 junction in the direction toward the anode and s is the 
gap between the implanted regions of the gate grid 

The forward on- state I-v relationship with a 
minimal bias may be approximated using the following 
equation: 

I A e2kr 

where I, is the anode current, A is anode area, D is 
the ambipolar diffusion coefficient, n, is intrinsic 
concentration of Sic, V„ is the anode-cathode voltage, 

25 and x„ is drift region thickness. 

For forward bias with a larger reverse gate bias, 
pinch-off is introduced and a potential barrier for 
electrons is formed that impedes their transport from 
the cathode to the anode. This barrier limits the 

30 electron supply and becomes the controlling factor for 
the overall current. The barrier height, is not 
only controlled by the gate voltage but can also be 
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lowered by a large V^. The dependence of on is 
called static induction and is dependent on the 
dimensions of the device gate structure, m such a 
case, the anode current maybe approximated by the 
following equation: 
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where I„ is saturation current and and G are constants 
for a given device structure and indicate the control 
of and on the barrier height. 

In selecting between the devices described above 
the devices described above which have a buried gate ' 
structure allow for a more efficient use of the 
cathode/anode area using conventional fabrication 
techniques and more efficient gate control of the 
current which results in a lower on-state resistance 
and a higher forward blocking voltage gain, with 
regard the devices described above having the gate grid 
formed at the bottom of trenches, the devices exhibit 
lower gate grid resistance which results in a smaller 
gate debiasing effect during turn off. 

The layout of the gate-cathode or gate-anode 
metallization plays an in?)ortant role in determining 
the on state voltage drop, the switching speed and the 
blocking gain of the field controlled device. The 
layout of this metallization should ensure that the 
25 flow of current is unifonn across the "entire die of the 
device. This results in a lower on state resistance, 
faster switching speeds and a high blocking gain. 
While many layout schemes may be utilized with the 
present invention, the involute gate structure is 
preferred. However, simple rectangular layout schemes 
which may also be utilized are illustrated in Figures 9 
and 10 . 
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Based upon the above discussion, the devices 
according to the present invention will typically have 
an overall low doped region (layer 20 or layer 60) 
thickness of from about lO^ to about 300^. The 
thickness of the layers is dependent upon the breakdown 
voltages desired. The gap (S) between the implanted 
regions or the trenches which make up the gate grid of 
the devices according to the present invention should 
be as small as possible with typical distances being 
between about 0.5^ and about 5^I. The width of the 
elements of the buried gate grid or the implanted 
regions of the gate grid formed in trenches may also be 
from about O.SfX to about 5^. These regions may be 
formed at various depths into the epitaxial layers 
having lower carrier concentrations. Suitable depths 
for the gate grid rray be from about 5 to the thickness 
of the epitaxial layer. The thickness or depth (L) of 
the implanted regions which comprise the gate grid 
should be as thick as possible but about 500 to about 
5M may be suitable. Suitable thicknesses for the high 
carrier concentration epitaxial layer on which the 
first ohmic contact is formed are from about 500 to 
about 5^1. 

With regard to the doping of the p* or 
alternatively the n* conductivity type regions and 
epitaxial layers, these regions should be as heavily 
doped as possible without causing excessive fabrication 
defects. Carrier concentrations of greater than about 
IxlO" are suitable for these regions and epitaxial 
layers, however, carrier concentrations of greater than 
about 1 X 10" are preferred. Suitable dopants for 
producing the p-type regions include aluminum, boron or 
gallium. Suitable dopants for producing the n-type ■ 
regions include nitrogen and phosphorous. Aluminum is 
the preferred dopant for the p* regions and it is 



wo 98/49731 



PCT/US98/05487 



10 



15 



-39- 

preferred that the aluminum be implanted in the p' 
regions using high temperature ion implantation such as 
IS described above and employing temperatures of 
betweenlOOO C and 1500 C. Carrier concentrations of 
up to about 3 X 10" cm-^ are suitable for the n or p" 
epitaxial layers, however, carrier concentrations of 
about 3 X 10" or less are preferred. With regard to 
the multiple n" or p" epitaxial layers, carrier 
concentrations of from about ixio" to about 5x10" are 
suitable for the first epitaxial layer which lies below 
the gate grid. Carrier concentrations of from about 
lxl0» to about 1x10" are suitable for the second 
epitaxial layer in which the gate grid is formed 
Carrier concentrations of from about 5x10" to about 
5X10" are suitable for the third epitaxial layer which 
lies above the gate grid. As discussed above, the 
relative carrier concentrations may be varied between 
the three epitaxial layers, however, the preferred 
carrier concentrations are Ixio" for the first 
20 epitaxial layer, ixio" for the second epitaxial layer 
and 5x10^= for the third epitaxial layer. Thus, the 
gate grid is preferably formed in the epitaxial layer 
having the lowest carrier concentration. 

Based upon the above characteristics of the 
25 devices according to the present invention, such 

devices may have switching times of between 50 and 500 
nsec as compared to the 2 to 100 usee switching times 
of other field controlled devices depending on their 
voltage ratings.. The devices of the present invention 
30 should also exhibit forward breakdown voltages of as 

high as 10000 V and reverse breakdown voltages of equal 
magnitude. Blocking gains of 50 or greater should be 
provided by devices according to the present invention. 

Blocking voltages of 2000 V should, therefore, be 
attainable with gate voltages as low as 40 V. These 
devices should also be capable of current densities of 
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500 A/cm^ or greater. Finally, these devices should be 
capable of operating at temperatures in excess of 400 



c. 



In the drawings and specification, there have been 
disclosed typical preferred embodiments of the 
invention and, although specific terms are employed 
they are used in a generic and descriptive .sense only 
and not for purposes of limitation, the scope of the 
invention being set forth in the following claims 
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£LA1MS: 

1. A high voltage, high current field control 
bipolar switch comprising: 

a bulk single crystal silicon carbide substrate of 
a first conductivity type having an upper surface and a 
lower surface; 

a first epitaxial layer of a second conductivity 
type silicon carbide upon said upper surface of said 
substrate; 

a second epitaxial layer of said second 
conductivity type silicon carbide formed on said first 
epitaxial layer of silicon carbide; 

a plurality of regions of a third conductivity 
type silicon carbide formed in said second epitaxial 
layer td form a gate grid in said second epitaxial 
layer; 

a third epitaxial layer of said second 
conductivity type silicon carbide -formed on said second 
epitaxial layer; 

a fourth epitaxial layer of said second 
conductivity type silicon carbide upon said third 
epitaxial layer said fourth epitaxial layer having a 
higher carrier concentration than is present in said 
first epitaxial layer, said second epitaxial layer and 
25 said third epitaxial layer; 

a first ohmic contact upon said fourth epitaxial 
layer; 

a second ohmic contact formed on said lower 
surface of said substrate; and 

an ohmic gate contact connected to said gate grid 
for pinching off the flow of current between said first 
ohmic contact and said second ohmic contact when a bias 
is applied to said ohmic gate contact. 
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The high voltage, high current field 
controlled bipolar switch of Claim 1, further 
comprising: 

a plurality of trenches formed in said third and 
said fourth epitaxial layers wherein said plurality of 
regions of said third conductivity type silicon carbide 
formed in said second epitaxial layer are at the bottom 
of said plurality of trenches; and 

wherein said ohmic gate contact comprises an ohmic 
gate contact formed on said third conductivity type 
silicon carbide formed in said trenches. 

3 . A field controlled bipolar switch according 
to any of the preceding claims, wherein said second 
epitaxial layer has a lower carrier concentration than 
said first epitaxial layer. 

4 . A field controlled bipolar switch according 
to any of the preceding claims, wherein said third 
epitaxial layer and said first epitaxial layer have 
substantially the same carrier concentration. 

5. A field controlled bipolar switch according 
to any of the preceding claims, wherein said third 
epitaxial layer and said second epitaxial layer have 
substantially the same carrier concentration. 

6. The high voltage, high current field 
controlled bipolar switch according to any of the 
preceding claims, said device further comprising a 
fifth epitaxial layer of a fourth conductivity type 
wherein said fifth epitaxial layer is formed on said 
upper surface of said substrate and disposed between 
said substrate and said first epitaxial layer and 
wherein said first epitaxial layer is formed on said 
fifth epitaxial layer. 
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A field controlled bipolar switch according 
to any of the preceding claims, wherein said first 
conductivity type and said third conductivity type are 
p-type conductivity and wherein said second 
5 conductivity type is n-type conductivity and wherein 
said first ohmic contact is a cathode contact and said 
second ohmic contact is an anode contact . ■ 

8. A field controlled bipolar switch according 
10 to any of Claims 1 through 6, wherein said first 

conductivity type and said third conductivity type are 
n-type conductivity and wherein said second 
conductivity type is p-type conductivity and wherein 
said first ohmic contact is an anode contact and said 
15 second ohmic contact is a cathode contact. 

9. A field controlled bipolar switch according 
to any of Claims 1 through 6, wherein said first 
conductivity type is n-type conductivity, said second 
conductivity type is n-type conductivity and said third 
conductivity type is p-type conductivity and said 
fourth conductivity type is p-type conductivity and 
wherein said first ohmic contact is a cathode contact 
and said second ohmic contact is an anode contact. 
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10. A field controlled bipolar switch according 
to any of the preceding claims, wherein said substrate 
and said first, second, third and fourth epitaxial 
layers form a mesa having eidewalls which define the 
periphery of said bipolar" switch, said sidewalls of 
said mesa extending downward into said substrate. 
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11- A field concroued bipolar switch according 
to any of the preceding claims, further comprising: 

regions of said first conductivity type silicon 
carbide formed in said substrate at the base of said 
mesa; and 

ohmic contacts electrically connected to said 
second ohmic contact formed on said regions of said 
second conductivity type silicon carbide. 

12. A field controlled bipolar switch according 
to Claim 6 wherein said first, second, third, fourth 
and fifth epitaxial layers form a mesa having sidewalls 
which define the periphery of said device, said 
sidewalls of said mesa extending downward through said 
first, second, third and fourth epitaxial layers and 
into said fifth epitaxial layer. 

13. A field controlled bipolar switch according 
to Claim 12 further comprising ohmic contacts 
electrically connected to said second ohmic contact 
formed on said fifth epitaxial layer at the base of 
said sidewalls of said mesa. 

14. A field controlled bipolar switch according 
to any of the preceding claims, further comprising an 
insulating layer formed on said sidewalls of said mesa 
to passivate said sidewalls. 

15. A field controlled bipolar switch according 
to any of the preceding claims, wherein said silicon 
carbide comprises 4H silicon carbide. 

16. A field controlled bipolar switch according 
to any of the preceding claims, wherein said gate grid 
comprises a plurality of connected interdigited 
fingers . 
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17. A field controlled bipolar switch according 
to Claim 16 wherein said ohmic gate contact comprises a 
plurality of interdigited fingers formed on said 
interdigited fingers of said gate grid such that said 
5 fingers of said ohmic gate contact are substantially 
parallel to said fingers of said gate grid; and 

wherein said first ohmic contact comprises a 
plurality of interdigited fingers formed on. said fourth 
epitaxial layer and interspersed between the fingers of 
10 said ohmic gate contact. 



20 



18. A high voltage, high current field control 
bipolar switch comprising: 

a bulk single crystal silicon carbide substrate of 
a first conductivity type having an upper surface and a 
lower surface; 

a first epitaxial layer of a second conductivity 
type silicon carbide upon said upper surface of said 
substrate; 

a plurality of regions of a third conductivity 
type silicon carbide formed in said first epitaxial 
layer to form a gate grid in said first epitaxial 
layer; 

a second epitaxial layer of said second 
conductivity type silicon carbide formed on said first 
epitaxial layer of silicon carbide; 

a third epitaxial layer of said second 
conductivity type silicon carbide upon said second 
epitaxial layer said third epitaxial layer having a 
higher carrier concentration than is present in said 
first epitaxial layer and said second epitaxial layer; 

a first ohmic contact upon said third epitaxial 
layer; 

a second ohmic contact formed on said lower 
35 surface of said substrate; and 
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an ohmic gate contact connected to said gate grid 
for pinching off the flow of current between said first 
ohmic contact and said second ohmic contact when a bias 
is applied to said ohmic gate contact. 

19. A field controlled bipolar switch according 
to Claim 18 wherein said second epitaxial layer and 
said first epitaxial layer have substantially the same 
carrier concentration. 

20. A field controlled bipolar switch according 
to Claim 18 or Claim 19, said device further comprising 
a fourth epitaxial layer of a fourth conductivity type 
wherein said fourth epitaxial layer is formed on said ' 
upper surface of said substrate and disposed between 
said substrate and said first epitaxial layer and 
wherein said first epitaxial layer is formed on said 
fourth epitaxial layer. 

21. The high voltage, high current field 
controlled bipolar switch according to any of Claims 18 
through 20, further comprising: 

a plurality of trenches formed in said second and 
said third epitaxial layers wherein said plurality of 
regions of said third conductivity type silicon carbide 
formed in said first epitaxial layer are at the bottom 
of said plurality of trenches; and 

wherein said ohmic gate contact comprises an ohmic 
gate contact formed on said third conductivity type 
silicon carbide formed in said trenches for pinching 
off the flow of current between said first ohmic 
contact and said second ohmic contact when a bias is 
applied to said ohmic gate contact. 
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22. A field controlled bipolar switch according 
to any of Claims 18 through 21 wherein said first 
epitaxial layer has a lower carrier concentration than 
said second epitaxial layer. 

23. The high voltage, high current field 
controlled bipolar switch according to any- of Claims 18 
through 22, said device further comprising a fourth 
epitaxial layer of a fourth conductivity type, wherein 
said fourth epitaxial layer is formed on said upper 
surface of said substrate and disposed between said 
substrate and said first epitaxial layer and wherein 
saxd first epitaxial layer is formed on said fourth 
epitaxial layer. 

24. A field controlled bipolar switch according 
to any of Claims 18 through 23 wherein said first 
conductivity type and said third conductivity type are 
p-type conductivity and wherein said second 
conductivity type is n-type conductivity and wherein 
said first ohmic contact is a cathode contact and said 
second ohmic contact is an anode contact. 

25. A field controlled bipolar switch accordirg 
to any of Claims 18 through 23 wherein said first 
conductivity type and said third conductivity type are 
n-type conductivity and wherein said second 
conductivity type is p-type conductivity and wherein 
said first ohmic contact is" an anode contact and said 

30 second ohmic contact Is a cathode contact. 

26. A field controlled bipolar switch according 
to any of Claims 18 through 23 wherein said first 
conductivity type is n-type conductivity, said second 
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conductivity type is n-type conductivity and said third 
conductivity type is p-cype conductivity and said 
fourth conductivity type is p-type conductivity and 
wherein said first ohmic contact is a cathode contact 
and said second ohmic contact is an anode contact . 

27. A field controlled bipolar switch according 
to any of claims 18 through 26 wherein said substrate 
and said first, second and third epitaxial layers form 
a mesa having sidewalls which define the periphery of 
saxd transistor, said sidewalls of said mesa extending 
downward into said substrate. 
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28. A field controlled bipolar switch according 
to any of Claims 18 through 27, further comprising- 

regions of said first conductivity type silicon 
carbide formed in said substrate at the base of said 
mesa-; and 

ohmic contacts electrically connected to said 
second ohmic contact formed on said regions of said 
second conductivity type silicon carbide. 

29. A field controlled bipolar switch according 
to any of claims 18 through 28 wherein said first 
second, third and fourth epitaxial layers form a mesa 
having sidewalls which define the periphery of said 
bipolar switch, said sidewalls of said mesa extending 
downward through said first, second and third epitaxial 
layers and into said fourth epitaxial layer. 
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30. A field controlled bipolar switch according 
to Claim 29 further comprising ohmic contacts 
electrically connected to said second ohmic contact 
formed on said fourth epitaxial layer at the base of 
said sidewalls of said mesa. 



31. A field controlled bipolar switch according 
to any of Claims 29 through 30 further conpriaing an 
insulating layer formed on said sidewalls of said mesa 

10 to passivate said sidewalls. 

32. A field controlled bipolar switch according 
to any of Claims 18 through 31 wherein said gate grid 
comprises a plurality of connected interdigited 

15 fingers. 

33. A field controlled bipolar switch according 
to Claim 32 wherein said ohmic gate contact comprises a 
plurality of interdigited fingers formed on said 

20 interdigited fingers of said gate grid such that said 
fingers of said ohmic gate contact are substantially 
parallel to said fingers of said gate grid; and 

wherein said first ohmic contact comprises a 
plurality of interdigited fingers formed on said third 

25 epitaxial layer and interspersed between the fingers of 
said ohmic gate contact. 
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Figure 1A 
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Figure 1B 
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Figure 2 A 
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Figure 2B 
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Figure 3 
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Figure 4 
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Figure 5 
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